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Thermodynamics versus Kinetics in a morphology transition of nanoparticles
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The morphology of cobalt, palladium, and platinum nanoclusters grown on a gold surface is analyzed from
both thermodynamic and kinetic viewpoints. Although the thermodynamic equilibrium shape as a function of
cluster size is similar for all three elements and shows a morphology transition from monolayer to bilayer,
only Co clusters meet their stable state and undergo a transition. Atomistic simulations on a picosecond to
nanosecond time scale evidence kinetic limitations for Pt and Pd, and allow us to understand the experimentally
observed morphology for the different species. It is shown that stress relaxation, by strongly influencing the
energy activation for atom hopping from first to second cluster layer and the magnitude of vibration of the atoms,
is the determinant parameter for the existence or absence of the cluster morphology transition.

DOI: 10.1103/PhysRevB.87.155404

I. INTRODUCTION

Since the pioneering work of Faraday on the color of ruby,’
the relationship between morphology and particle properties
has been evidenced in many domains, including catalysis,?
magnetism,® and optics.* Nowadays, a major challenge is
to shape the particle at a nanoscopic scale to reach specific
properties resulting from the combination of reduced dimen-
sionality and controlled morphology, such as the plasmon
resonances® and the morphologically controlled catalytic® or
magnetic behavior.”

Controlling the shape of particles at a nanoscopic scale is
not a simple task because particle growth involves numerous
atomic processes, such as surface and interlayer diffusion,®’
exchange mechanism,'” and/or long range mass transport.' 12
The control of the particle shape needs then to regulate the
energy distribution between the different phenomena and
different parts of the system, as well as to exert an efficient
control on the time scale of the processes. The main objective
of this work is to unravel thermodynamic from kinetic effects
during particle growth, with a focus on the role of elastic stress
and chemical energy at the interface.'®'*

Thermodynamics rules the energy exchanges governing the
evolution of a particle, whereas kinetics refers to the atomistic
mechanisms at the origin of mass transport and its typical time
scale. In a previous work, we studied the morphology of Co
clusters supported on a gold surface from a purely thermody-
namic point of view.'>!® We evidenced the coexistence of two
types of Co clusters having either a monolayer or a bilayer
height, depending on their size when deposited on a gold
substrate. In the present paper, we extend this work to Pd and
Pt clusters and we show that thermodynamic arguments alone
cannot explain the experimentally observed morphologies for
these two elements, in contrast to Co. We therefore revisit the
morphology of Co, Pt, and Pd nanoclusters on Au(111) from
a kinetic point of view by classical molecular dynamics on
a picosecond to nanosecond time scale. Comparing the three
systems allows us to understand the role of the different energy
contributions, namely stress and chemical energy. We show
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that the kinetics of the monolayer to bilayer transition is mainly
determined by the stress inside the nanocluster. An analysis
of crystal vibrations gives new insights on the mechanisms at
work in the monolayer to bilayer transition.

II. EXPERIMENTAL AND CALCULATION DETAILS

Cluster morphologies were observed with scanning tun-
neling microscopy (STM), in an ultrahigh vacuum chamber
with a base pressure of 5 x 10~!! mbar. All experiments were
performed using Au(111) oriented single crystals, prepared by
Ar™ ion sputtering and 1000 K annealing cycles. Co, Pd, and Pt
were deposited from high purity rods in electron bombardment
cells equipped with flux monitors. The flux monitors were
calibrated with STM by repeated deposition of fractions of
a monolayer up to one monolayer, corresponding to a fully
covered substrate. Deposition rates are on the order of one
monolayer (ML) in 20 minutes. During metal deposition, the
substrate was held at room temperature.

The molecular dynamics process consists in integrating
Newton’s equations for all atoms of the system. The forces
involved in the process were derived from the total energy,
defined as the sum of the overall site energies. The site
energies are based on effective potentials determined in the
second-moment approximation of the tight binding theory!”
(TBSMA) with the constraints (i) to reproduce for the mixed
interactions the main features of the phase diagrams, and for
pure interactions the cohesive energy, the lattice parameter,
the bulk modulus and the elastic constants; (ii) to preserve
the correct surface energy difference for each couple of pure
metals.1516:18.19

The energy of an atom at site i is the sum of an attractive
band energy E fb) and a repulsive pair interaction E ;r):

Na[om
b Tij
El( ) = Z%‘lz] eXp|:—2qij <—r(é) - 1)], (1)

J# i

©2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.87.155404

H. BULOU et al.

Natom
ED = ZAijexp[—p,»j<%—1)}. 2)
J# Tij

The parameters of the interactions are given in Table II (see
Appendix). The time integration was performed by using a ve-
locities Verlet integration algorithm.?*2! Molecular dynamics
was also used as an optimization tool through a quenching
procedure to minimize the potential energy.”” Additional
velocity modifications and adaptive time steps to accelerate the
quenching process were used during energy minimization.>?
In order to avoid local minima, a set of 32 different starting
points were considered for each configuration to optimize,
and a free temporal evolution on 10 ps was performed before
quenching. The nudged elastic band (NEB) method was
used to find the minimal energy path for the calculation of
activation barriers.'%?* For the classical TBSMA calculations,
we used an unreconstructed gold substrate, consisting of
18000 Au atoms, distributed on twelve (111) planes, on
top of which nanoclusters of various sizes were deposited.
NEB calculations were also performed within the density
functional theory (DFT) using the projector augmented-wave
method? as implemented in the plane-wave based QUANTUM-
ESPRESSO package.’® The exchange-correlation effects were
treated using the generalized gradient approximation in the
Perdew, Burke, and Ernzerhof form.2” The calculations were
performed with a 39 Ry kinetic-energy cutoff and a 909 Ry
charge-density cutoff. For the DFT calculations, we used a slab
of 8 x 8 x 3 Au atoms plus the cluster of 19 atoms which was
extracted from the larger “classical” configuration relaxed by
using the TBSMA method. The structural arrangements of the
configurations involved in the energy profile were determined
by using the classical TBSM approach. We used a 2 x 2 x 1
k-point sampling of the Brillouin zone.

The analysis of the dynamical behavior of the system with
temperature was investigated by integrating the differential
mean-square displacements of the atoms given by

d(u?)

a

2 ng(v) hv
coth , 3)
2kgT

dv :47'rm v

where n,(v) is the normalized spectral density of vibration
along the direction «, m is the mass, T is the temperature, and
v is the vibration frequency. The spectral density of vibration
was obtained from the temporal Fourier transform of the
group average of the momentum autocorrelation function,>3°
given by

(i f PP + 1))

Z(Ol)(t) —
l (e S Pga)(f)pga)(f)dt)

“

pf“) is the o component of the momentum of the atom i,

belonging to the group / of atoms (adatoms, surface, and bulk
gold atoms).

The momentum autocorrelation function, obtained by ap-
proximating the ensemble averages by taking different origins
in the time evolution of 32 different initial configurations,
is calculated on a time interval of 6 ps, after a minimum
equilibrium phase of 10 ps.
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III. RESULTS

A. Thermodynamics of the monolayer— bilayer transition

To determine the respective roles of chemical and stress
energy contributions, we investigated the growth of three
different elements onto the gold surface: (i) Co/Au(111) which
is an archetype for demixing tendency, showing a large lattice
mismatch, (ii) Pt/Au(111) for demixing tendency and a small
lattice mismatch, (iii) Pd/Au(111) for weak mixing tendency
and a small lattice mismatch.’! As the surface energies of
the three elements are comparable and much larger than the
gold one,*!*? the key element characterizing the differences
in the growth modes between Co, Pd and Pt on Au(111) is
the interface energy, which contains both chemical and elastic
stress contributions.

Figure 1 shows clusters of pure (a) Pt, (b) Pd, and (c) Co for
sub-monolayer coverages. Thanks to preferential nucleation,
leading to self-organization on Au(111), the cluster size can
be easily controlled by the amount of deposited material with
very homogeneous size distribution.** This holds for many
metals, among them Co and Pd. For Pt there is no good
self-organization at room temperature, and the lateral size
distribution is larger than for Co and Pd, as can be seen
in Fig. 1(a). However, the cluster height, which will be the
relevant feature in this paper, is also homogeneous as for
the two other elements. For Pd and Pt, only clusters of one
single atomic layer are observed below a coverage of 0.4 ML
[Figs. 1(a) and 1(b)] whereas all clusters are bilayer high for
Co [Fig. 1(c)].3**! For Pt and Pd, above 0.4-0.5 ML, the
clusters start to have significant lateral sizes so that nucleation
of adatoms from the gas phase becomes possible on top of
the monolayer clusters. This can be noted in Fig. 1(b) for Pd,
where we can see small parts of a second layer. For Co, there
is a transition from monolayer to bilayer first suggested by
Tolkes et al. from He diffraction measurements.> Figure 1(d)
confirms these measurements and shows the coexistence of
monolayer and bilayer clusters. This transition occurs in a
very narrow coverage regime, around 0.03 £ 0.01 ML.

On the basis of quenched molecular dynamics calculations,
which give the potential energy at 0 K of relaxed clusters,
we showed in a previous work that, for cobalt, the monolayer
configuration is more stable below about 10 to 20 atoms and
that the bilayer configuration is more stable for larger clusters,
in agreement with the experiments.'>'® However, as we will
see, one should not draw definite conclusions. Applying the
same type of calculations to Pd and Pt gives similar results.
Figure 2 shows the calculated energy difference between the
monolayer and bilayer configurations for Co, Pd, and Pt as a
function of cluster size. One can notice that in all three cases
there is a stability inversion from monolayer to bilayer. We
define the critical transition size N, as the number of atoms
where the energies of the two configurations are equal. It varies
from approximately 10 to 20 atoms for Co and Pt and to about
30 to 40 atoms for Pd.

Such differences between Co, Pd, and Pt can be understood
by considering the role of the surface and interface energies
involved in the system. Let us assume two cylindrical clusters
containing the same number of atoms, one in a bilayer
and the other in a monolayer configuration (see Appendix).
In the framework of this model, the critical transition size
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FIG. 1. (Color online) STM images (left) and line profiles (right)
on islands marked by white lines for Pt, Pd, and Co deposits on
Au(111). (a) 0.1 ML of Pt (80 nm, 1.0 V/0.3 nA). (b) 0.48 ML of
Pd (80 nm, 0.6 V/0.5 nA). (c) 0.3 ML of Co(80 nm, 0.6 V/0.4 nA).
(d) 0.02 ML of Co (60 nm, 0.3 V/0.1 nA).

reads

/2
Ya

Ne = 6.64——4——,
(Ya+yr—vs)

&)

where y4, v4, vs. and y; are respectively the top and lateral
surface energies of the adsorbate, the substrate surface energy,
and the interface energy. y; is the sum of the mixing and elastic
energies. Despite a very simple formulation, this model gives a
good description of the physics involved in the phenomenon, as
demonstrated by the consistence between the critical transition
sizes calculated by this model (around 10 for Co and Pt and 30
for Pd) and the ones extracted from the molecular dynamics
simulations.
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FIG. 2. (Color online) Potential energy difference between the
bilayer and monolayer configurations as a function of the number of
adsorbate atoms in the cluster.

Equation (5) shows that the bilayer configuration is favored
by a large stress at the adsorbate/substrate interface, and by
a demixing tendency between adsorbate and substrate. The
monolayer to bilayer morphology transition appears thus as
a means of (i) partially compensating the surface energy
loss (ya — ys) and (ii) releasing the energy accumulated at
the interface between the adsorbate and the substrate during
the growth. Note that we use an unreconstructed gold surface,
and we therefore neglect possible influence of the surface
reconstruction. It was indeed shown that for Co clusters the
reconstruction has only a minor influence on the transition.'
For Pd and Pt, it would allow further stress release, leading
to slightly reduced critical transition size. It is, however, clear
that this purely thermodynamic approach does not to explain
the monolayer shape for Pt and Pd clusters, independently
of cluster size, since the stability inversion is only observed
experimentally for Co.

B. Kinetics of the monolayer— bilayer transition

The fact that Pt and Pd clusters do not reach their ther-
modynamically stable state suggests that mass transport from
first plane to the top of the cluster is kinetically hindered. In
order to get the origin of this phenomenon and its relationship
with the chemical nature of the adsorbate, we use temperature
dependent molecular dynamics, which allows us to follow the
motion of any atom on a time scale ranging from femtoseconds
to nanoseconds.

Clusters of Co, Pd, and Pt of sizes ranging from 8 to 539
atoms were considered, and initially set up in a monolayer
configuration. The time evolution is followed for different
temperatures ranging from 300 to 600 K.

Figure 3 displays snapshots from the time evolution at 500 K
of Co clusters composed of 8, 16, and 30 atoms. For very
small cluster sizes [e.g., 8 Co atoms; see Figs. 3(a)-3(d) and
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(c)8 Co - 45 ps

(g)16 Co - 45 ps (h)16 Co - 60 ps

(1)30 Co - O ps

(j)30 Co - 7.5ps

(k)30 Co - 20 ps (1)30 Co - 250 ps

FIG. 3. (Color online) Time evolution of Co clusters at 500 K. Red atoms are gold. The atoms with a color ranging from white to blue
(black) are cobalt. The white to blue (black) color range depicts cobalt atoms as a function of height, from first to second plane. (a)—(d) 8 atoms.
(e)—(h) 16 atoms. (i)—(1) 30 atoms. See also the videos in the Supplemental Material (Refs. 42—-45).

Supplemental Material video Co8.mov],*> the Co atoms
always remain in the first plane and there is no attempt
of movement towards the top of the cluster. For 16 atoms
[Figs. 3(e)-3(h) and video Col6.mov],*? fleeting atomic
movements towards the second plane, and back, are observed
on a time scale of about 2 ps. The cluster, however, mostly
stays in a monolayer configuration. From about 20 to 30
Co atoms, the fleeting movements evolve into persistent
jumps of atoms towards the second plane [Figs. 3(i)-3(1)
and video Co30.mov].** Conversely, for Pd and Pt (see
video Pd378.mov)* fleeting movements are never observed,
independently of the cluster size. There is no nucleation
of a second layer even for clusters as large as 539 atoms,
despite of the higher stability of the bilayer configuration
(Fig. 2). These calculations are in excellent agreement with the
experimental observations. Note that the beginning of a second
layer nucleation can be seen above 0.4 ML for Pd (Fig. 1) but,
at this coverage, clusters are sufficiently large so that atoms
coming from the gas phase can form stable nuclei on the top.

A quantitative description of the transition in the case
of a cobalt cluster of 37 atoms is given by Fig. 4 which
displays the time evolution of the population of Co atoms
in the top plane for various temperatures. At 600 K, the
equilibrium shape (bilayer) is reached after 200 ps. At 450 K,
1 ns is needed to reach equilibrium. At 300 K, equilibrium
cannot be reached in a reasonable simulation time scale.
However, a close look at the Supplemental Material video
Col6.mov* for Co indicates oscillations in the second plane
atom population, corresponding to the fleeting movements.
For a cluster larger than the critical transition size, the
oscillations progressively damp out and transform in persis-
tent jumps (see video Co30.mov).** This suggests that the
evolution of atom population is governed by a rate equation
whose analytical solution is an exponential growth of type
1 — exp(—t/7). T is a time constant which obeys the Arrhenius
equation as shown on Fig. 5. At 300 K one can see that
T ~ 20 ns, meaning that the transition should be completed
after ~57, i.e., about 100 ns.
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FIG. 4. (Color online) Time evolution for a 37 Co atom cluster of
the proportion of atoms in the second cluster plane as a function of
temperature.

In order to rationalize the dynamics of the monolayer to
bilayer transition, we now investigate the transition from an an
energy point of view but also from a vibrational aspect. For the
transition to occur, the activation energy barriers for moving
atoms from the first to second plane must be smaller than
thermal energy. Furthermore, the magnitude of atom vibrations
must be large enough for inducing movements of the cluster
atoms.

C. Energy activation barriers

Calculating the activation energy barriers is not a simple
task, since they strongly depend on the pathway followed by
an atom in the motion process. The time evolution simulations
allow us to determine the most probable pathways and we
can therefore give an estimation of the lowest activation
energy barriers, following these pathways. Figure 6(a) shows
several different initial positions (1-3) of the moving atom and

10
a=21=Dexp(-E/kpT)
D=10.00 Thz E= 0.315 eV
10"+ 1
'z 10°t 1
3
107 1
1072 . . . . .
15 20 25 30 35 40 45

1/kBT (€V71>

FIG. 5. Evolution of t with temperature in the case of a 37 Co
atom cluster.
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TABLEI. Activation barriers (in eV) for moving an atom up from
the first cluster plane to the second, as a function of its initial location
in the cluster as depicted in Fig. 6, calculated in by using the TBSMA
method.

Location
Element (1) 2) 3
Co 1.08 0.80 0.54
Pd 1.31 1.47 1.89
Pt 1.32 1.72 2.00

Table I gives the corresponding energy barriers calculated by
the nudged elastic band method.'*>* The barriers are indeed
much smaller for Co than for Pd and Pt, whatever the pathway
considered. The very high barriers for Pd and Pt hinder any
motion at the temperatures of interest. One can also notice
that the extraction of a Pd or Pt atom from the cluster edge is
favored with respect to central atoms, whereas the situation is
reversed for Co.

The question is now to understand why the activation energy
barrier is so much smaller for Co than for the other two
elements. Different contributions may explain such a behavior,
including electronic, chemical, and elastic ones. However, the
NEB calculations of the energy profile for moving an atom
from the first to the second plane show very similar results
whatever the method used, either ab initio DFT or classical
TBSMA. Figure 7 displays energy profiles along the reaction
path for moving a Pd atom from the first to the second plane
for a Pd cluster of 19 atoms calculated by DFT and classical
TBSMA methods. They are very similar and the energy barrier
calculated by using the DFT method is only 5% smaller than
the one calculated by using classical TBSMA potentials. This
evidences the weak influence of the electronic changes due
to the atomic rearrangements occurring during the transition
on the energy barrier. In addition this comparison provides
an indication about the precision of the classical TBSMA
approach for the calculation of the energy barrier.

In view of the different characteristics of the three couples
of elements, one can say that the dominating contribution is
the stress energy. For Pd and Pt the lattice mismatch with
the substrate is small, thus the accumulated elastic energy
is weak (on the order of 0.2 J/m?; see Appendix) and the
relaxed situation is pseudomorphic for both Pd and Pt, leaving
the atoms in a stable threefold environment, as evidenced
in Figs. 6(c) and 6(d). The energy barrier being mainly
dependent on the overall atom-atom binding, it increases from
the edge to the center of the cluster (Table I). Conversely, the
arrangment of the Co atoms is far from pseudomorphic as
can be seen in Figs. 6(a) and 6(b): the large lattice mismatch
between Co and Au (14%) would lead to huge accumulation
of elastic energy, roughly 2 J/m” (see Appendix). Strong
relaxation effects partially release the elastic energy down to
80 mJ/m?>. This in turn leads to an incommensurate structure
which has the effect of putting some Co atoms in twofold-
coordinated bridge and on-top positions with respect to the
gold substrate.*® Consistently with the demixing tendency of
the CoAu system, this allows us also to reduce the effective
number of unfavorable heteroatomic Co-Au bonds (on the
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()0.07 ML Co/Au(111)
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(¢)0.09 ML Pd/Au(111) (d)0.09 ML Pt/Au(111)

FIG. 6. (Color online) Examples of relaxed monolayer clusters. (a),(b) Co/Au(111). (c) Pd/Au(111). (d) Pt/Au(111). The clusters were
relaxed by using a quenched molecular dynamics process giving the equilibrium positions of the atoms at 0 K. The corrugation associated to
the Co cluster is given in (a), The white (black) atoms occupy the highest (lowest) positions. The corrugation amplitude is 0.46 A. The labels
(1), (2), and (3) depict the initial positions of the atoms moving up considered for the moving-up activation barrier calculations.

order of 25% for a cluster of 108 atoms). Another consequence
is a very high corrugation in the cluster, which can be as
large as 0.5 A in the Co cluster, whereas for Pd and Pt it is
always smaller than 0.1 A. As the cluster size increases, more
and more Co atoms get in prejudicial positions with respect
to the underlying gold substrate, leading to an increasing
corrugation in the cobalt cluster. This corrugation has a crucial
role during the growth, facilitating the extraction of Co atoms.
An interesting point to note is indeed that the nucleation of the
second Co layer occurs close to, but not at the extreme edge
of the cluster. The monolayer to bilayer morphology transition
of the cluster is a consequence of the release of elastic energy.
For Co, the accumulated elastic energy produces important
relaxation effects which strongly reduce the energy barriers
for atom movements towards the top of the cluster. For Pd
and Pt, although the bilayer is thermodynamically favored
for larger clusters, the absence of stress release leads to high
energy barriers for atom jumping and the clusters therefore
stay in a monolayer configuration.

1.40
120}

1.00

<= 0.80

=

3 0.60
0.40

0.20

[ Classical TBSMA potential

@ DFT calculation

Configuration

FIG. 7. (Color online) Energy profiles along the reaction path for
moving a Pd atom from the first to the second plane calculated in
the frameworks of the density functional theory (@) and the TBSMA
classical approach (UJ) for a Pd cluster of 19 atoms. See text for more
details.

D. Vibrational considerations

The stress release of the cobalt cluster through relaxation
effects has also an important consequence on the magnitude of
vibration of the atoms. Figure 8 displays the variations of the
mean-square displacements (MSDs) of the adsorbate atoms
along the out-of-plane (111) direction [Fig. 8(a)] and along
the in-plane (110) direction [Fig. 8(b)] as a function of cluster
size at T = 300 K. We present calculations for Co, Pt, and Pd
clusters on Au(111), and for Co on Co(111).

In all cases, nothing special is observed for the out-of-
plane MSDs. Conversely, the in-plane MSD for Co/Au(111)
is very different from the ones for Pd and Pt. For Pd/Au(111),
Pt/Au(111), and also for Co/Co(111) the in-plane MSD is
monotonously decreasing with cluster size and becomes rather
constant above 15 atoms. On another hand, for Co/Au(111) we
observe a strong increase of the in-plane MSD for cluster sizes
between 20 and 30 Co atoms, corresponding to the transition
range. A direct relationship with the stress inside the cluster
is evidenced by comparing the MSD for in-plane Co/Au(111)
with Co/Co(111), the corresponding homoepitaxial system.
For the latter, the stress inside the Co cluster is small and a
monotonous decrease of the MSD, related to the diminution of
the low coordinated atom ratio in the cluster, is observed when
the cluster grows. The behavior is similar for Pt/Au(111) and
Pd/Au(111); these systems can be considered from a stress
viewpoint as nearly homoepitaxial.

Equation (3) shows that the MSD is dominated by the
low-frequency region of the vibrational density of state. To
analyze how the vibrational sprectrum is modified by the
cluster size, we fix the temperature at 7 = 50 K in order to
stay below the transition for Co clusters on Au(111) to avoid
morphology changes which would change the vibrational
spectrum. Figure 9 displays the differential MSD along the
(110) direction for Co/Au(111) for clusters sizes ranging from
6 to 45 cobalt atoms. For small clusters, one observes peaks at
around 0.8 THz which disappear as the clusters grow. These
peaks originate from the atoms located at the edge of the
clusters. They are at the origin of the large magnitude of
vibration at small cluster sizes as observed in Fig. 8.4’ Despite
a large vibrational amplitude, these clusters do not transit
because the thermodynamic stable state is monolayer. This
explains the fleeting movements observed in the videos. For
cluster sizes of 21 and 28 Co atoms additional lower frequency
peaks appear at 0.3 Thz (Fig. 9). They indicate a softening of
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FIG. 8. (Color online) Variation of mean-square displacements of the adsorbate atoms as a function of cluster size at 7 = 300 K along

(a) the out-of-plane (111) direction and (b) the in-plane (110) direction.
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FIG. 9. (Color online) Differential mean-square displacement for
Co/Au(111) along the (110) direction. 7 = 50 K.

the cobalt-cobalt bonds and they are responsible for the very
large magnitude of vibration (Fig. 8) in the transition regime.

Due to the large mismatch between cobalt and gold, an
increasing dispersion of the interatomic distances between
cobalt atoms appears as the cluster grows, as can be drawn
from Fig. 10 which displays the standard deviation of the
Co-Co first-neighbor distances. It is very similar to an
“amorphization” of the cobalt cluster where the excess density
of vibrational states at low frequency is due to vibrations of
atoms in the strongly anharmonic environment resulting from
disorder.*$-0

The low-frequency in-plane modes appearing in the 20-30
Co atom clusters grown on Au(111) are fundamental for the
mass transport from the first to second plane since they allow
the reorganization necessary to induce a global change of
cluster shape. Such an in-plane reorganization does not appear
for Pd and Pt on Au(111) since the near pseudomorphy of
these two elements on gold prevents cluster amorphization
and then the appearance of the low frequency in-plane
modes.
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FIG. 10. (Color online) Standard deviation of the Co-Co first-
neighbor distances.

IV. CONCLUSION

In summary, atomistic simulations based on realistic
potentials reveal the importance of stress release in the
morphology of supported clusters, because it governs both
thermodynamics and kinetics of cluster formation. Depending
on the stress release, morphology transitions towards more
stable configurations may occur or not. The simulations give
insight about the detailed mechanisms and time scale of the
morphology transition and the conditions for this transition to
occur. In the case of the equilibrium shape transition of Co
clusters on Au(111), the role of stress producing the softening
of the vibration modes is highlighted. A potential application of
these findings is a better morphology control of cluster shapes.
Suitable association of different elements in nanoscale alloy
clusters could allow us to operate a fine-tuning of the chemical
and elastic energy contributions, thus opening the way for
building new materials with selected shapes and properties.
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APPENDIX

Let us assume monolayer and bilayer high cylindric clusters
of radius R (r), containing N atoms, & being the height of one
monolayer (Fig. 11).

The total energies, referenced to the bare gold slab’s energy,
of the monolayer and bilayer configurations are

E, = nR*y — nR*ys + mR?ys + 27hRy), (Al)

E, = nrzyl — nrzys + JTVZ)/A +4rmhry), (A2)

PHYSICAL REVIEW B 87, 155404 (2013)

Bilayer

monolayer

FIG. 11. (Color online) Geometry of the model.

where y; and yy are respectively the interface and the substrate
surface energies per unit area, and y4 and y; are the on-top
and lateral surface energies of the cluster. The on-top surface
energy corresponds to the (111) facet whereas the lateral
surface energy of the cylinder is taken as the average of the
surface energies of the (100), (110), and (111) type facets.
The interface energy y; is the sum of an elastic contribution
VEls and mixing energy pwix- €2 is the atomic volume of the
adsorbate atoms. The radius of the clusters is related to the
number of atoms N by

hwR* =2hnr? = NSQ. (A3)
The energy difference AE = E,, — E;, between monolayer
and bilayer reads
Q
AE = = (ya+vi = vON = 2(V2 — DVThQy V/N.

(A4)

The critical transition size from monolayer to bilayer,
defined as the cluster size where AE vanishes, is then given
by

h3 ’2
N.=160(v2 — 1P = Ya

. S— AS
Q (ya+ vy —vs)? (43)

and taking h = % and Q = % for a fcc crystal with lattice
parameter a, one obtains

72

N, =6.64——A2——.
(Ya+vi—vs)

Tables II-IV give the parameters of the interatomic poten-
tials and elastic coefficients (Tables II and III), and the deduced

TABLE II. Parameters of the interatomic potentials.

Bond A V) p £ (eV) q r® (A)
Au-Au 0.189 10.40 1.743 3.87 2.88
Au-Co 0.141 10.63 1.614 3.11 2.69
Au-Pd 0.161 11.24 1.654 3.59 2.82
Au-Pt 0.225 10.77 2.136 3.77 2.83
Co-Co 0.106 10.87 1.600 2.36 2.50
Pd-Pd 0.115 12.07 1.494 3.12 2.75
Pt-Pt 0.242 11.14 2.506 3.68 2.77
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TABLE III. Elastic constants of elements used in this paper
calculated in the framework of the TBSMA model (Mbar). Calcu-
lations performed for face-centered-cubic crystallographic structure.
Experimental data are given in parentheses.

PHYSICAL REVIEW B 87, 155404 (2013)

TABLE IV. Calculated surface and elastic energies, and mixing
energies. Note that only the difference in surface energies is preserved
but not the absolute values (Ref. 18).

YA Ya VElas YMix

Ci Ci Cu ol B Element J/m?) J/m?) (J/m?) J/m?)

Au 1.878(1.87) 1.495(1.54) 0.521(0.45) 0.191(0.17) 1.622(1.65) Co 1.47 1.90 0.08 0.66

Co 2.329 1.624 1.089(1.28) 0.352(0.41) 1.859(1.87) Pt 1.12 1.46 0.23 0.43

Pd 2.0102.32) 1.459(1.78) 0.802(0.73) 0.276(0.26) 1.642(1.96)  Pd 0.94 124 021 0.00
Pt 3.230(3.41) 2.493(2.73) 1.032(0.91) 0.368(0.34) 2.739(2.96) Au 0.56

energies (Table IV). The mixing energies are given by the
difference between the enthalpy of the mixed elements (X and
Au with X = Co, Pd, or Pt) and the sum of the enthalpies of the
separated components at the same pressure and temperature.
The enthalpies are taken from Ref. 31. The surface energies, y4
and y, and the elastic energy term ygj, are calculated in the
framework of the second-moment approximation of the tight

binding theory.!” For the elastic energy contribution, a uniform
in-plane strain is considered, leading to the expression

2a ,
Yels = 5 =N (Ci1 +2C12 + Caa),
3Q
where 7 = “—* is the mismatch between the adsorbate and the
substrate, and a and a; are respectively the lattice parameters
of the adsorbate and substrate.
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